Despite significant advances in the physician's ability to initiate myocardial reperfusion and salvage heart tissue, ischemic heart disease remains one of the leading causes of death in the United States. Consequently, alternative therapeutic strategies have been intensively investigated, especially methods of enhancing the heart's resistance to ischemic cell death -so called "cardioprotective" interventions. However, although a great deal has been learned regarding the methods and mechanisms of cardioprotective interventions, an efficacious therapy has yet to be successfully implemented in the clinical arena. This review discusses the current understanding of cardioprotection in the context of ischemic heart disease pathophysiology, highlighting those elements of ischemic heart disease pathophysiology that have received less attention as potential targets of cardioprotective intervention.
the remaining viable myocytes to work harder to maintain sufficient cardiac output. To accomplish this, these remaining myocytes hypertrophy to increase their strength of contraction. While this remodeling is initially adaptive, in severe cases this remodeling can decompensate and become pathological, ultimately leading to heart failure [3] . Thus, the best strategy to improve both survival and quality of life in patients suffering from MI is to minimize myocardial death that occurs due to IR. Clinically, this is achieved through arterial reperfusion of the ischemic myocardium which, in most cases, is accomplished through active dissolution and/or physical obliteration of an occlusive intracoronary lesion. Since the therapeutic importance of prompt myocardial reperfusion has been emphasized and implemented into today's standard of care, http://dx.doi.org/10.1016/j.phrs.2014.08.004 1043-6618/© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). the morbidity and mortality of MI has decreased. Aiding that decrease has been refinement in the techniques physicians employ to re-establish coronary blood flow, including the development of percutaneous coronary angioplasty and coronary stenting, as well as the administration of pharmacological adjuvants, such as antiplatelet therapeutics, that help maintain vessel patency [4] . However, as the prevalence of major risk factors for ischemic heart disease, most notably diabetes, hyperlipidemia and hypertension, continues to be substantial, the burden of disease for MI will remain significant.
Because further advances in methods to provide prompt myocardial reperfusion in patients suffering from MI are unlikely to yield significant benefits in morbidity and mortality, there is a great need for the development of novel ischemic heart disease therapies [4] . Consequently, many researchers have investigated strategies that can make the heart more resistant to ischemic death -so called "cardioprotective" interventions. While many cardioprotective strategies have been identified in the laboratory setting, attempts to translate these protective laboratory interventions into a successful clinical therapy have been largely unsuccessful. While reasons for this lack of success may be due to the inherent difficulty of translating results generated in tightly controlled animal models into a heterogeneous patient population [5] , the lack of success may also be attributed, in part, to an incomplete understanding of how cardioprotective signaling may be initiated at the level of the cardiac myocyte in response to myocardial stress. Thus, there is great interest in elucidating the mechanisms by which IR induces lethal cellular injury and how cardioprotection may be elicited in the myocardium to allow for the identification of novel targets for ischemic heart disease therapy. Accordingly, the goal of this review is to highlight these potential avenues of cardioprotection in the context of MI pathophysiology.
Pathology of myocardial infarction

Ischemic cell death
Myocardial ischemia results in numerous deleterious consequences at the level of the cardiac myocyte that, if left uncorrected, culminate in necrotic cell death. A major consequence of myocardial ischemia is the depletion of adenosine triphosphate (ATP) and other high energy phosphates due to cessation of aerobic metabolism and oxidative phosphorylation. Because the continually contracting myocardium is highly dependent on aerobic metabolism, ATP depletion occurs rapidly in the ischemic heart and contractility is halted within 60 s. ATP depletion has numerous detrimental effects on myocyte biochemistry and metabolism, including relaxation of myofilaments, glycogen depletion, disruption of ionic equilibrium and cell swelling. Nevertheless, these effects can be reversed and normal myocyte contractile function restored if the duration of ischemia is sufficiently brief (generally considered to be less than 20 min of severe ischemia). However, if the ischemia is prolonged, irreversible injury will develop, which is characterized by damage and/or disruption of the myocyte sarcolemmal membrane. Plasma membrane damage leads to loss of osmotic balance and the leakage of cellular metabolites into the extracellular space. Damage to the mitochondrial membranes compromises the cell's ability to generate ATP upon reperfusion, as well as results in release of mitochondrial proteins that can directly stimulate the apoptotic cell death pathway. Disruption of lysosomal membranes is especially dire, as this can lead to the release of degradative enzymes capable of digesting essentially all cellular constituents, invariably leading to cellular necrosis [6] .
In addition to necrosis, apoptosis also contributes significantly to myocyte death during IR, although the exact contributions of each during the sustained ischemic episode and during myocardial reperfusion remain unclear. While apoptotic myocyte death is most pronounced in the reperfused myocardium [7, 8] , apoptosis has also been shown to contribute to cell death in ischemic-only hearts [9] . Some studies suggest there may be overlap between the early signaling events that lead to either necrosis or apoptosis, as interventions known to inhibit apoptosis, such as Bcl-2 overexpression, have also been demonstrated to reduce cellular necrosis [10, 11] . Other investigators propose that, during myocardial IR, the distinction between apoptosis and necrosis becomes blurred, as injured cells attempting to undergo apoptosis may be unable to maintain plasma membrane integrity, resulting in necrosis instead [12] . In addition, a more recently defined form of cell death known as necroptosis or "programmed necrosis," a form of cell death with characteristics of both necrosis and apoptosis, has been suggested to contribute to myocyte death during IR [13] [14] [15] .
Although the determining factors by which IR will lead to either necrotic or apoptotic cell death are not completely understood, it is known that both ischemia and reperfusion result in substantial ionic changes capable of predisposing the cardiac myocyte to both forms of cell death. Ischemia causes a cessation of aerobic respiration and a shift to of anaerobic respiration, resulting in depletion of glycogen stores and a resulting accumulation of hydrogen ions and tissue acidosis [5, [16] [17] [18] . To counterbalance this acidosis, Na + /H + exchange occurs at the sarcolemmal membrane, with the efflux of H + balanced by the influx of Na + and resulting in an accumulation of intracellular ions relative to the extracellular environment. As a result of the accumulation of Na + ions, reverse action of the Na + /Ca 2+ exchanger (NCX) is stimulated, which leads to an accumulation of intracellular Ca 2+ as the accumulated Na + is extruded from the cell in exchange for extracellular Ca 2+ . Compounding these ionic disturbances is the depletion of high energy phosphates that occurs rapidly in the ischemic myocardium, preventing the normal activity of the Na + /K + ATPase, ATP-dependent reuptake of calcium at the sarcoplasmic reticulum and active Ca 2+ excretion [16, 19] , resulting in further exacerbation of intracellular Na + and Ca 2+ accumulation. As the calcium concentration within the cytosol continues to rise, mitochondria begin to passively uptake calcium into the mitochondrial matrix via the mitochondrial calcium uniporter [18] . If the ischemia is severe and these ionic imbalances are sustained, this cytosolic and mitochondrial calcium overload will ultimately lead to irreversible cellular injury as described below.
Loss of myocyte calcium homeostasis results in a number of cellular changes that predispose the myocyte to irreversible injury. Mitochondrial calcium overload is the primary stimulus for mitochondrial permeability transition (MPT), a stress response mediated by the opening of a high conductance pore located on the inner mitochondrial membrane (discussed further in Section "Reperfusion injury: calcium overload"). While enhanced intracellular calcium concentration is capable of directly stimulating apoptosis [20] , elevated calcium levels can also stimulate the activation of numerous intracellular degradative enzymes with the potential to damage several different cellular structures and precipitate cell death, including phospholipases, proteases and endonucleases. Activation of phospholipases can lead to the damage of cellular membranes which, as described above, can lead to necrotic cell death as a consequence of disruption of cellular osmotic balance and the release of lysosomal enzymes in the cytoplasm [6] . The ionic imbalances engendered by ischemia and the consequent causes of ischemic myocyte death are summarized in Fig. 1 .
Reperfusion injury
Studies conducted by Jennings and Reimer in the late 1960s and 1970s were pivotal for demonstrating the time-dependent progression of myocardial necrosis as the index ischemia was extended and the critical importance of prompt reperfusion for salvaging myocardium [21, 22] . Interestingly, in an even earlier study conducted by Jennings et al. in 1960, it was observed that reperfused myocardium displayed a more advanced injury pattern than myocardium subjected to the same ischemic duration that had not been reperfused [23] . Specifically, it was observed that reperfused myocardium displayed myocyte swelling, plasma membrane disruption and dense mitochondrial bodies -histological features that do not manifest in the absence of reperfusion unless ischemia is extended for a much longer duration. This observation led others to later hypothesize that reperfusion could result in lethal myocardial injury above and beyond that due to the ischemic insult alone -a concept known as lethal reperfusion injury.
The mechanisms of lethal reperfusion injury have been well studied in an effort to discern if the conditions of myocardial reperfusion could be modified to maximize the salvage of ischemic myocytes. Chief among the primary mediators of reperfusion injury are the rapid correction of intracellular acidosis, myocyte calcium overload and oxidative stress [5, 24] . The primary mediators of lethal reperfusion injury are depicted in Fig. 2 .
Reperfusion injury: correction of intracellular pH
While the acidotic conditions of the ischemic myocyte precipitate ionic imbalance and cell swelling, intracellular myocyte acidosis also inhibits several subcellular processes which can potentially culminate in irreversible injury. Acidosis reduces the reverse activity of the NCX, thereby attenuating calcium overload [19] . Furthermore, H + ion accumulation directly inhibits MPT [25] , ostensibly by interfering with the binding of calcium to the MPT trigger site. The acidotic cytosolic environment of the ischemic myocyte also inhibits the activation of proteases called calpains -calcium-dependent enzymes which are capable of digesting and weakening the myocyte's cytoskeletal support [26, 27] . However, upon reperfusion there is rapid washout of accumulated H + ions, alleviating the acidotic inhibition and predisposing reperfused myocytes to cellular injury.
Reperfusion injury: calcium overload
As discussed above, the accumulation of calcium during ischemia occurs as a result of the reverse mode of the NCX. In addition, ATP depletion and subsequent cessation of active calcium extrusion and ATP-dependent reuptake into the sarcoplasmic reticulum further contribute to myocyte calcium overload. Unfortunately, upon reperfusion, this myocyte calcium overload is not corrected, but rather is further exacerbated. At reperfusion, extracellular washout of accumulated H + ions establishes a large gradient greatly favoring the influx of sodium via the Na + /H + exchanger and leading to the rapid correction of cellular pH. This sudden and robust influx of sodium strongly stimulates the reverse action of the NCX, especially now that the acidotic inhibition of the NCX has been relieved, resulting in even greater elevations of intracellular calcium concentration [16] . Enhanced cytosolic calcium levels favor the electrophoretic uptake of calcium into mitochondria via the mitochondrial calcium uniporter [20] . The end result is cytosolic and mitochondrial calcium overload, culminating in irreversible myocyte injury through many different potential mechanisms including induction of MPT, activation of calpains and myocyte hypercontracture. Each of these mechanisms is discussed further below. Fig. 3 summarizes the establishment and consequences of calcium overload during reperfusion.
MPT is a prominent cause of irreversible cell injury elicited by IR and is characterized by the opening of a high conductance, nonspecific pore located within the inner mitochondrial membrane. While calcium overload is the primary determinant of MPT, there are other cellular conditions that can influence the calcium concentration threshold necessary to induce MPT. For example, both oxidative stress and high energy phosphate depletion sensitize mitochondria to permeability transition, lowering the calcium concentration threshold necessary to induce MPT [28] . Importantly, in addition to the robust influx of calcium that may occur upon The resulting Na + accumulation potently stimulates reverse NCX activity, resulting in Ca 2+ overload. Ca 2+ overload in the setting of reperfusion results in activation of the calcium dependent proteases calpains, the activity of which is attenuated in the acidotic conditions of ischemia. The cellular milieu during reperfusion (e.g., Ca 2+ overload, oxidative stress and alleviation of acidosis) is particularly well-suited for the induction of MPT. Finally, resumption of contractile activity in the presence of Ca 2+ overload results in hypercontracture, imposing a significant physical strain on a weakened myocyte cellular architecture. NHE, Na + /H + exchanger; NCX, Na + /Ca 2+ exchanger; MPT, mitochondrial permeability transition.
reperfusion, oxidative stress and high energy phosphate depletion are both present at reperfusion, highlighting the fact that the cellular milieu is particularly well-suited for mitochondria to undergo MPT following reperfusion. Indeed, many studies have demonstrated that MPT occurs upon reperfusion, primarily in ex vivo models of myocardial IR [29, 30] .
MPT results in the uncoupling of the mitochondrial membrane potential, as the enhanced inner membrane permeability dissipates the proton gradient necessary for oxidative phosphorylation. Furthermore, because the mitochondrial matrix exerts a positive colloidal osmotic pressure due to its higher protein concentration than either the cytosol or intermembranous space, MPT results in marked mitochondrial swelling [6, 28] . While the inner mitochondrial membrane can withstand this swelling without rupturing by virtue of "unfolding" of the cristae of the inner membrane, mitochondrial swelling is capable of rupturing the outer mitochondrial membrane, which leads to the release of cytochrome c and the stimulation of the intrinsic apoptotic pathway [31] . As mitochondria undergo MPT, swelling, and outer membrane rupture, more calcium is released from these "open" mitochondria back into the cytosol which, in turn, predisposes mitochondria that have so far remained "closed" to undergo MPT. If a critical number of mitochondria undergo MPT, the most likely outcome is bioenergetic failure of the myocyte and necrotic cell death [28] .
The presence of myocyte calcium overload upon reperfusion can also lead to the activation of members of the calcium-dependent family of cysteine proteases known as calpains. -Calpain and mcalpain are the most abundant calpain isoforms, both of which are expressed in the heart [27] . Calpains can become activated as a result of the calcium accumulation that occurs during ischemia as well as the more robust increase in calcium influx that occurs during reperfusion [5] . Calpain activation results in the hydrolysis of a number of proteins that predispose the myocyte to lethal reperfusion injury. Chief among these calpain substrates are cytoskeletal proteins, the enzymatic cleavage of which damages myocyte contractile machinery and weakens myocyte structural support [32, 33] . This latter consequence is particularly troublesome as it can potentially lead to the rupture of the sarcolemmal membrane upon the resumption of contractile activity [26] .
Studies have supported a role for cytoskeletal lesions as important mediators of irreversible IR injury. Seminal studies conducted by Vander Heide and Ganote demonstrated using a Langendorff perfused rat heart model that anoxic perfusion results in enhanced myocardial fragility and decreased resistance to applied mechanical force. Electron microscopy of hearts subjected to anoxic perfusion prior to mechanical stress displayed rupture of the sarcolemmal membrane and the formation of large subsarcolemmal blebs caused by detachment of the sarcolemmal membrane from the Z-disk [34] . A similar study conducted by Steenbergen et al. at nearly the same time correlated the appearance of subsarcolemmal blebs and plasma membrane rupture induced by ischemia with the breakdown of vinculin, a focal adhesion cytoskeletal scaffolding protein, at the plasma membrane [35] . Thus, while the exact series of events that underlie the transition from reversible to irreversible injury during ischemia are not completely understood, studies support a role of cytoskeletal lesions as critical determinants of irreversible ischemic injury that manifests upon reperfusion.
Further compounding the problem of enhanced myocyte fragility during IR is the development of hypercontracture, a state of nonphysiologic myocyte sarcomere shortening due to ATP generation in a setting of intracellular calcium overload [24, 36, 37] . The concept that myocyte contracture can lead to irreversible injury and sarcolemmal membrane rupture in the reperfused ischemic myocyte by imposing a great physical stress on an already fragile sarcolemmal membrane was originally postulated by Ganote and Kaltenbach in 1979 [38] . Subsequent studies supported this hypothesis by demonstrating that the calcium paradox, a phenomenon by which the readmission of calcium to calcium depleted hearts results in contraction band necrosis, was reproduced simply with caffeine-stimulated sarcoplasmic reticulum calcium release and resulting myocyte contracture and occurred independently of extracellular calcium repletion [39, 40] . Furthermore, a study by Garcia-Dorado et al. demonstrated that attenuation of myocyte contractility at reperfusion significantly reduced infarct size in an in vivo porcine model of MI [41] .
Reperfusion injury: oxidative stress
While reactive oxygen species (ROS) are generated during normal cellular metabolism, the reperfusion of ischemic myocytes results in a sudden burst of ROS which overwhelms the cell's capacity to scavenge these radicals, especially since the activity of scavenging enzymes is attenuated as a result of the ischemic insult [42] . Consequently, the reperfused myocyte enters a state of oxidative stress, resulting in a number of deleterious consequences that can culminate in lethal reperfusion injury. First, in addition to mitochondrial calcium overload, this sudden onset of oxidative stress sensitizes mitochondria to permeability transition [28] . Mitochondria that undergo permeability transition can, in turn, release additional free oxygen radicals that can sensitize other mitochondria to MPT; this phenomenon is termed "ROS-induced ROS release" [43] . Furthermore, ROS can directly damage calcium handling proteins, thereby contributing to calcium overload at reperfusion [5, 42] . Importantly, ROS are capable of peroxidizing membrane lipids, contributing to the disruption of cellular membranes that occurs during IR [42] . Finally, ROS are also capable of inflicting further cellular damage by cross-linking proteins and creating DNA breaks [6] .
There are multiple sources of increased ROS in the reperfused myocyte. Xanthine oxidase is one prominent contributor of oxygen radicals at reperfusion [16, 44] . Normally, this enzyme exists in its dehydrogenase form, which oxidizes hypoxanthine while using NAD + as its electron acceptor. However, during ischemia, a calcium-dependent protease converts xanthine dehydrogenase to xanthine oxidase, an enzyme which oxidizes hypoxanthine while reducing O 2 to O 2 − [44, 45] . During ischemia, the degradation of adenine nucleotides results in a buildup of hypoxanthine, the primary substrate for xanthine oxidase. Thus, the sudden reintroduction of oxygen at reperfusion results in an abundance of xanthine oxidase substrates, hypoxanthine and O 2 , largely contributing to the observed oxidative burst at reperfusion [44] . Damage to mitochondria during the ischemic episode may elicit increased ROS generation directly from the electron transport chain as a result of incomplete reduction of oxygen [6, 42] . Finally, ischemic myocardial injury results in the influx of leukocytes into the ischemic risk region upon reperfusion. These inflammatory cells are subsequently activated and become another important source of ROS generation through the action of the enzyme NADPH oxidase [42] .
Mechanisms of cardioprotection
Because the best strategy for improving the morbidity and mortality of MI is to minimize the ischemic death of myocardial tissue, there has been great research interest in learning how the heart can be protected from ischemic death. Various laboratory interventions have been shown to be capable of reducing infarct size including hypothermia [46] , heat stress [47] and ischemic preconditioning (IP) [48] , as well as a myriad of pharmacologic agents, including calcium channel blockers [49] , adenosine [50] , alpha 1 adrenergic agonists [51] and delta 1 opioid agonists [52] . However, among these interventions, IP has demonstrated the most consistent ability to confer robust cardioprotection in several different mammalian models, including rats, rabbits, dogs, pigs, sheep and monkeys [53] . Importantly, the ability of IP to confer protection has also been supported in humans undergoing coronary artery bypass surgery, as patients subjected to an IP protocol displayed reduced ATP depletion following a controlled ischemic stress produced during the normal course of the surgery [54] . Although the clinical value of IP is limited by the fact that patients suffering from MI do not present until after the onset of ischemia, the discovery of IP provided definitive proof that the heart can be protected from ischemic death, spawning intensive research focused on elucidating these protective mechanisms.
Ischemic preconditioning and cardioprotective signaling
The phenomenon of IP was originally described by Murry et al. in 1986 [48] . Following the original description of IP, it was discovered that the protection afforded by IP is not monophasic, but rather IP produces two temporally distinct windows of cardioprotection. The first window of protection begins within minutes following the cycles of preconditioning. This early window of protection is lost if the time between the cycles of preconditioning and the sustained myocardial ischemia is extended beyond 1-2 h. The second window of protection develops 6-12 h following IP and lasts for 3-4 days. The mechanisms mediating early and late preconditioning are distinct: the protection within the early window is associated with post-translational modification of pre-existing proteins, while the late window of protection is thought to be produced through changes in gene expression and the synthesis of new proteins, notably inducible nitric oxide synthase (iNOS) and cyclo-oxygenase 2 (COX-2) [55] . This review focuses on cardioprotective signaling cascades elicited by acute myocardial stress and therefore will discuss IP in context of the early window of cardioprotection as originally described by Murry et al.
The mechanism of IP's protective effect has been extensively investigated, and the research leading up to the present understanding of IP's protective mechanism is briefly summarized below. IP's cardioprotection is currently thought to be triggered through the release of ischemic metabolites during the index ischemia and the subsequent binding to their respective transmembrane receptors. Adenosine was the first such metabolite to be recognized for having cardioprotective potential [50] . Later, other metabolite triggers were described, including bradykinin [56] and opioids [57] . This ability of multiple triggers to mimic the protective effect of IP led to the conclusion that the respective signaling pathways converge downstream at a common point. Protein kinase C (PKC) was one of the first proposed points of convergence, as PKC inhibitors are not only capable of abolishing the protective effect of IP [58] , but also the protection afforded by pharmacological mimickers of IP [59] . PKC has been postulated to elicit cardioprotection, in part, by activating mitochondrial ATP-sensitive K + channels (mitoK ATP ) [60] . The cardioprotection associated with mitoK ATP is not completely understood, but activation of mitoK ATP has been suggested to enhance the resistance of mitochondria to MPT. mitoK ATP channel opening results in an influx of K + into the mitochondrial matrix, thereby depolarizing the mitochondrial membrane potential. This depolarization, in turn, mitigates the driving force of calcium into the mitochondrial matrix during the sustained ischemic episode, thereby attenuating mitochondrial calcium overload and decreasing the likelihood of MPT occurring upon reperfusion [61] .
In addition to PKC, several other downstream effector proteins have been implicated as mediators of cardioprotective signaling elicited by IP. Because phosphatidylinositol-3-kinase (PI3K), a lipid kinase implicated in cell survival signaling [62] , had been reported to activate PKC, Tong et al. investigated the role of PI3K in IPelicited cardioprotection. Using a Langendorff perfused adult rat heart model, they found that IP induced the activation of the cardioprotective proteins Akt and PKC-and that the activation of these proteins was blocked by pharmacological inhibition of PI3K. PI3K inhibition also abolished the protective effect of IP on ventricular functional recovery, further implicating PI3K as an important mediator of IP-elicited cardioprotection [63] .
Concurrent to the research investigating the mechanism by which IP induces cardioprotection, other animal research emerged that demonstrated that various interventions initiated at the onset of reperfusion, notably the administration of insulin [64] , insulin-like growth factor-1 (IGF-1) [65] , bradykinin [66] and the hydroxyl-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor atorvastatin [67] , also protected the myocardium from lethal IR injury. Importantly, research into the mechanism of these protective interventions revealed that in each case either PI3K/Akt and/or ERK 1/2 signaling was involved in mediating the conferred cardioprotection. Because PI3K/Akt signaling had been previously implicated in mediating the protective effect of IP when stimulated during the preconditioning phase [63] , Hausenloy et al. postulated that these survival kinases could stimulate cardioprotection not only when activated during the cycles of preconditioning, but also when activated at the onset of reperfusion [68] . Indeed, a subsequent study by Hausenloy et al. found that activated Akt and ERK 1/2 expression displayed a biphasic pattern with expression significantly enhanced both immediately following preconditioning and again at the onset of reperfusion [69] . Because activation of both PI3K/Akt and ERK 1/2 at reperfusion was demonstrated to reduce infarct size, these signaling kinases were termed "reperfusion injury salvage kinases" or RISKs. Importantly, this study demonstrated for the first time that IP may elicit cardioprotection by mitigating reperfusion injury. This conclusion led to the formulation of the hypothesis that the robust protective effect of IP can be triggered at the onset of reperfusion, a viable target for clinical intervention.
The mechanisms responsible for the cardioprotection associated with RISK activation have been well studied. Although strong evidence consistently supports a cardioprotective role of PI3K/Akt signaling, the evidence surrounding ERK signaling is somewhat conflicting. While most data indicate that ERK is important in cardioprotective signaling [69, 70] , other studies have not supported a causal role of ERK signaling in mediating IP-elicited cardioprotection [71, 72] . The cardioprotective phenotype associated with ERK signaling is not completely understood, but thought to be due to its ability to inhibit pro-apoptotic proteins such as BAD [68, 73] . The protective effect of PI3K is largely attributed to its ability to stimulate the downstream activation of the serine/threonine protein kinase Akt, also known as protein kinase B, a well-established cardioprotective signaling molecule [74, 75] . Akt is thought to provide protection from IR injury through multiple different mechanisms, including inhibition of apoptosis [74] , stimulation of nitric oxide synthesis [76] and prevention of MPT through phosphorylation and inhibition of glycogen synthase kinase 3␤ (GSK-3␤) [77, 78] .
In addition to the well characterized cardioprotective role of RISK signaling, recent evidence has implicated reversible cysteine redox-based mechanisms of post-translational modifications, such as S-nitrosylation (SNO) and S-glutathionylation, in mediating cardioprotection. Strong evidence supports SNO in particular as an important contributor to preconditioning-elicited cardioprotection. SNO, a process in which NO forms a covalent bond with the thiol groups of cysteine residues, is thought to mediate protection from IR injury by preventing the irreversible oxidation of protein thiols during periods of oxidative stress, such as during the respiratory burst of early myocardial reperfusion [79] . Furthermore, SNO of the L-type calcium channel [80] and SR/ER calcium-ATPase [81] results in decreased cytosolic influx of calcium and increased uptake of calcium into the sarcoplasmic reticulum respectively, thereby attenuating cellular calcium overload during IR [79] . Importantly, studies have shown that SNO is enhanced in the preconditioned heart and that induction of SNO during IR results in reduced ischemic cell death [81, 82] .
Targeting ischemia-reperfusion injury-clinical trials
The discovery by Hausenloy and Yellon that IP-elicited cardioprotection could be aborted by inhibition of RISK signaling at reperfusion, along with numerous studies demonstrating that therapies initiated at reperfusion onset are protective, strongly renewed interest in investigating the pathology of lethal reperfusion injury and how it could be prevented or attenuated. Consequently, the therapeutic potential of methods and therapies capable of mimicking IP and eliciting cardioprotective signaling at reperfusion has been intensively evaluated by numerous animal studies and clinical trials. The findings of these studies have been thoroughly discussed by several excellent reviews to which the reader is directed [4, 5, 73, 83] , and these studies will not be reviewed here. Instead, this review will focus on studies examining the cardioprotective potential of interventions capable of interfering with mediators of reperfusion injury, including correction of acidosis, calcium overload, oxidative stress and MPT. The results of these studies are summarized in Table 1 .
Perhaps the best demonstration that modification of the conditions of reperfusion can result in significant cardioprotection is a phenomenon known as ischemic postconditioning (PostC). In an effort to enhance the clinical value of IP, Zhao et al. investigated whether subjecting the heart to cycles of preconditioning following the sustained coronary occlusion could result in infarct size reduction. Using an open chest canine model of MI, they found that PostC, performed by subjecting the heart to three cycles of 30 s of reperfusion and 30 s of coronary re-occlusion immediately following a 60 min coronary occlusion, resulted in significant reduction in infarct size, comparable to the protection afforded by IP [84] .
Shortly after Zhao and colleague's description of PostC, clinical trials were underway to determine the clinical efficacy of PostC. The results of these clinical trials have been variable, with some trials showing improved patient outcomes [85, 86] and others showing no difference in patient outcomes between the PostC and placebo groups [87, 88] . Reasons for the variability of results between trials may be due to the small number of patients enrolled in each of the trials and/or differences in inclusion criteria and comorbidities of the enrolled patient populations. Regardless, PostC may offer a therapeutic benefit in specific patient populations undergoing angioplasty for the treatment of acute MI. However, it should be noted that the therapeutic utility of PostC is limited in the clinical arena, as patients must be undergoing angioplasty in a catheterization lab to receive the therapy. Patients who require thrombolytic therapy for restoration of coronary blood flow cannot benefit from PostC. Thus, a therapeutic strategy that could be employed in all patients regardless of how blood flow is restored to the ischemic myocardium would be preferable to PostC [4] .
As discussed above, the rapid correction of ischemic acidosis at reperfusion can result in irreversible injury to myocytes by stimulating calcium overload and cellular swelling while concomitantly alleviating the acidotic inhibition of MPT and calpains. Thus, investigators hypothesized that by curbing the effects of ischemic acidosis through inhibition of Na + -H + exchange myocytes could be protected from reperfusion injury. An early study by Karmazyn demonstrated that amiloride, an inhibitor of the Na + -H + exchanger (NHE), administered at reperfusion improved post-ischemic ventricular recovery [89] . Later, Wang et al. demonstrated that NHE-1 knockout (KO) mice were resistant to lethal IR injury [90] .
Based on these salutary animal studies, clinical trials were conducted to assess NHE inhibition as a potential therapy for IR injury. Overall, these trials did not demonstrate a benefit of NHE inhibition in patients suffering from acute MI. The ESCAMI (Evaluation of the Safety and Cardioprotective Effects of Eniporide in Acute Myocardial Infarction) trial found no differences in clinical outcomes between patients receiving eniporide, a specific inhibitor of the NHE-1 isoform (the predominant NHE expressed in the heart) or placebo [91] . The EXPEDITION trial examined the therapeutic potential of cariporide, a specific NHE-1 inhibitor, in high risk patients undergoing coronary artery bypass graft (CABG) surgery [92] . While the EXPEDITION trial found that NHE inhibition reduced mortality associated with MI, all-cause mortality was paradoxically increased in the NHE inhibition group due to an increased incidence of cerebrovascular events. Therefore, the EXPEDITION investigators concluded that the trial provided proof of concept for the cardioprotective potential of NHE inhibition, but that cariporide was likely not suitable for clinical use due to unacceptable adverse effects.
As myocyte calcium overload is responsible for much of the irreversible injury that occurs during both ischemia and at reperfusion, inhibition of the Na + -Ca 2+ exchanger (NCX), has been proposed to be cardioprotective. Imahashi et al. found that Langendorff-perfused hearts of NCX KO mice sustained less necrosis following IR than control hearts [93] . Furthermore, a study conducted by Kawasumi et al. found that a 30 min intravenous infusion of caldaret, an NCX inhibitor, at reperfusion significantly attenuated ischemic death in the canine heart [94] . Unfortunately, a clinical trial examining the therapeutic efficacy of caldaret, the CASTEMI trial, provided no evidence of cardioprotection in patients presenting with large acute ST-segment elevation MI [95] .
It has been well known for many years that scavengers of oxygen-derived free radicals could enhance contractile function and/or reduce infarct size in animal models of myocardial ischemia. Recombinant human superoxide dismutase administered at reflow in the Langendorff perfused rabbit heart has been documented Table 1 Summary of animal studies and clinical trials assessing cardioprotective potential of interventions against known mediators of lethal reperfusion injury. IR, ischemia-reperfusion; NHE, Na + -H + exchanger; KO, knockout; CABG, coronary artery bypass graft; CVA, cerebrovascular accident; NCX, Na + -Ca 2+ exchanger; MI, myocardial infarction; SOD, superoxide dismutase; MPT; mitochondrial permeability transition.
IR injury mediator Study Design Results
Rapid correction of acidosis
Karmazyn [89] Cardioprotective potential of NHE inhibitor amiloride assessed in isolated-perfused rat heart Enhanced ventricular recovery in amiloride-treated hearts Wang et al. [90] Resistance to IR injury assessed in NHE1 KO mice using isolated-perfused heart model [102] Small clinical trial assessing therapeutic potential of cyclosporin A when administered at reperfusion Infarct size reduction to improve post-ischemic contractile function [96] . Clinical trials examining the protective potential of attenuating oxidative stress as a treatment for MI have yielded conflicting results but, in general, have not supported a cardioprotective role. In a small trial enrolling 38 patients, allopurinol administered orally just after admission (approximately 60 min prior to reperfusion) assisted ventricular recovery in patients undergoing angioplasty for acute MI [97] . However, a meta-analysis of clinical trials examining the role of antioxidant vitamin supplementation in providing protection from cardiovascular disease found no benefit of antioxidant supplementation in improving patient outcomes [98] . Because MPT has been widely implicated as a central mediator of reperfusion injury, and because many known cardioprotective interventions, such as inhibition of NHE and NCX, have been shown to exert their protective effects partly through inhibition of MPT [28] , many studies have focused on investigating methods by which MPT may be directly prevented. The immunosuppressant cyclosporin A (CsA) has been demonstrated to prevent MPT [99] , and this prevention of MPT has been attributed to CsA's ability to inhibit the MPT pore component cyclophilin D [28] . Animal models of myocardial IR have demonstrated that CsA administration is cardioprotective [100, 101] . In a small pilot clinical trial, CsA administered at time of re-flow to patients suffering from acute MI was demonstrated to reduce infarct size as assessed through release of creatine kinase and MRI, making CsA an attractive candidate for MI therapy [102] . However, concerns have been raised regarding the results of the trial, as, in some patients, reperfusion may not have been initiated up to 12 h following onset of chest pain, a time point at which few myocytes within the risk region would remain salvageable [103] . Furthermore, there are some notable limitations in regard to CsA's cardioprotective effect. First, although CsA administration was well-tolerated in the pilot clinical trial, CsA administration can potentially elicit some adverse effects at the level of the heart as a consequence of its interaction with calcineurin [31] . Secondly, the therapeutic range of CsA may be somewhat narrow, as a study conducted by Griffiths and Halestrap found that higher doses of CsA were not protective [104] . The protective effect of CsA can also be overcome by enhancing the stimulus of MPT, further limiting the therapeutic efficacy of CsA [28] . Thus, more work is required to establish the clinical utility of CsA as a treatment for acute MI.
Interestingly, a recent study by Pan et al. demonstrated that knockout of the mitochondrial calcium uniporter (MCU), which was demonstrated to abolish both mitochondrial calcium uptake and calcium-induced MPT, does not confer protection from IR injury [105] . This result is surprising in light of the many studies demonstrating that drugs and protocols that inhibit MPT, including administration of CsA at reperfusion, elicit cardioprotection [28] . One potential explanation as to why MCU knockout failed to confer cardioprotection may be due to the indirect effect that MCU knockout has on the cellular handling of calcium. Although calcium-induced MPT greatly predisposes myocytes to cell death during IR, the ability of mitochondria to buffer increases in cytosolic calcium concentration through passive uptake of calcium via the MCU may help protect cardiac myocytes from other calciummediated mechanisms of irreversible injury, such as the activation of calcium-dependent degradative enzymes and hypercontracture (discussed in Section "Reperfusion injury: calcium overload"). However, MCU knockout eliminates the ability of mitochondria to uptake calcium, thereby abolishing the ability of mitochondria to buffer rising cytosolic calcium concentrations and potentially rendering MCU-deficient cardiomyocytes susceptible to these other forms of calcium overload-mediated irreversible injury. In contrast to MCU knockout, CsA, which reversibly inhibits MPT by binding to the permeability transition pore component cyclophilin D, does not absolutely abolish the ability of mitochondria to uptake calcium but rather increases the calcium load required for MPT to occur [28, 106] . This qualitative difference in the mechanism of MPT inhibition may partly explain why CsA administration has been shown to confer protection and MCU knockout has not.
While it is clear from the above discussion that a great many promising cardioprotective interventions have been described, the fact that none of these have become implemented into standard clinical practice underlines the importance of enhancing our understanding of how the heart can be protected from ischemic death, allowing for the identification of novel targets for MI therapy. Although the cytoskeleton has been demonstrated to play an important role in lethal reperfusion injury [26, 35] , the role of the cytoskeleton in mediating cardioprotective signaling has received little attention and is largely unknown. However, it is known that cytoskeletal signaling has been shown to play a prominent role in maintaining cell viability in both non-muscle cells and in cardiac myocytes [107] [108] [109] . Furthermore, the cytosolic tyrosine kinase focal adhesion kinase (FAK), an essential mediator of cytoskeletal signaling [110] , has been shown by numerous studies to play an important role in cell proliferation, survival and hypertrophy signaling cascades [111] [112] [113] . Based on this evidence, studies were conducted to assess the cardioprotective potential of cytoskeletal signaling; the results of these studies are reviewed below in Section "Cytoskeletal signaling and cardioprotection".
Cytoskeletal signaling and cardioprotection
Because previous studies had shown that cytoskeletal lesions are a critical determinant of irreversible cellular injury during IR [26, 41] , it was hypothesized that interventions that protect the cytoskeleton from ischemic stress would be cardioprotective. Wei and Vander Heide demonstrated that heat stress (HS) significantly enhanced the expression of heat shock proteins (HSPs), proteins capable of associating with and stabilizing the actin cytoskeleton [114, 115] , thereby enhancing the cell's resistance to stress. Both HS and the dual expression of HSP27 and HSP70 protected neonatal rat ventricular myocytes (NRVM) from cell death induced by metabolic inhibition (simulated IR). Furthermore, HS was associated with the assembly of an integrin-paxillin-FAK cytoskeletal signaling complex, which was abolished through targeted inhibition of FAK via overexpression of the endogenous FAK competitive inhibitor FRNK (FAK-related non-kinase). Interference with FAK activity also enhanced NRVM cell death in response to simulated IR [47] .
In subsequent studies, Wei and Vander Heide hypothesized that FAK and cytoskeletal signaling may represent a unique cardioprotective signaling pathway elicited by myocardial stress. To test this hypothesis, the role of FAK was directly interrogated in HS and IP-elicited signaling pathways. In cultured NRVM, HS significantly enhanced the FAK activation. HS also enhanced the interaction between FAK and PI3K, and this interaction was associated with enhanced expression of activated Akt. Overexpression of FRNK in NRVM reduced the expression of activated Akt following HS both at baseline and following 10 min of simulated ischemia, implicating Akt as a mediator of cardioprotection downstream of FAK [116] . In Langendorff perfused adult mouse hearts, IP also significantly enhanced the expression of activated FAK and Akt and protected the hearts from ischemic death, suggesting that cytoskeletal signaling may mediate a common pathway by which myocardial stress leads to downstream cardioprotective signaling [117] .
Whereas these earlier studies utilized in vitro and ex vivo model systems to demonstrate activation and protection resulting from a cytoskeletal-based cardioprotective signaling pathway, a later study conducted by Perricone et al. utilized a novel myocyterestricted, inducible FAK KO mouse model to assess the importance of FAK and cytoskeletal signaling in an in vivo model of MI. This study found that, while IP elicited significant protection from lethal IR injury in control mice, the protective effect of IP was abrogated in FAK KO mice. Furthermore, the expression of activated PI3K and Akt was enhanced in preconditioned control hearts but not in preconditioned FAK KO hearts [118] , in accordance with the findings of the results of the earlier studies conducted by Wei and Vander Heide discussed above [116, 117] .
Because cytoskeletal lesions predispose cardiomyocytes to sarcolemmal membrane rupture and cell death, mechanisms that either protect cellular membranes during IR or enhance the repair of damaged membranes should be cardioprotective. Accordingly, a study by Wang et al. assessed the cardioprotective potential of the striated muscle-specific tripartite motif family protein MG53, a known mediator of skeletal muscle membrane repair. This study found that cardiomyocyte membrane damage stimulates the localization of MG53 exclusively to the damaged membrane, and that membrane healing is impaired in MG53 deficient cardiomyocytes. Importantly, genetic ablation of MG53 exacerbated IR injury in the Langendorff-perfused mouse heart, supporting a cardioprotective role of MG53 and membrane repair [119] . Interestingly, a study by Cao et al. found that MG53 knockout abolished the protective effect of IP in the Langendorff-perfused mouse heart and that overexpression of MG53 in cultured myocytes conferred protection from hypoxia and oxidative stress-induced cell death. This study determined that the protective mechanism of MG53 was due to its ability to stimulate downstream activation of PI3K-Akt and Erk1/2 signaling pathways [120] . Therefore, MG53 may exert its cardioprotective influence through multiple mechanisms.
Conclusion
Despite the great multitude of interventions implicated as having cardioprotective potential that have been identified over the past several years, an efficacious therapy based on what has been learned about cardioprotection is still lacking. The fact that so many different interventions are capable of reducing ischemic death underlines the fact that there are likely several different pathways within a robust cardiac signaling network that can ultimately elicit a cardioprotective state. The pathophysiology of ischemic heart disease is complex, and a therapeutic strategy capable of activating multiple arms of the cardioprotective signaling network and/or simultaneously counteracting multiple mediators of IR injury would likely have the greatest efficacy in mitigating ischemic death and improving the morbidity and mortality associated with MI. While the cardioprotective potential of therapies targeting many of the mediators of IR injury have been well studied in both animal models and clinical trials, the therapeutic potential of other mediators, especially cytoskeletal lesions and the role of cytoskeletal signaling, have received less attention and are not completely understood. Future studies will be important for enhancing both our knowledge of MI pathophysiology and mechanisms of cardioprotection, thereby providing additional avenues of cardioprotective signaling that may be potentially harnessed toward the ultimate goal of establishing a highly efficacious therapeutic strategy for enhancing the heart's resistance to myocardial IR injury.
